The stress and strain that remain in an organ when the external load is removed are called residual stress and strain. They can be revealed by cutting up the organ in such a way as to reveal the zero-stress configuration. The function of the organ depends on the residual strain. For a blood vessel, the zero-stress configuration is very different from that of the no-load condition, and it changes over time when the physical stress acting on the vessel is changed. Data on rat aorta are presented. Physical changes were obtained by constricting the aorta at the celiac trunk level with a band of metal. Banding causes an increase of blood pressure and hypertrophy of the vessel in the upper body and a transient decrease of blood pressure in the lower body. If the aorta is cut transversely into rings and each ring is cut radially, it will open up into a noncircular arc, which may be characterized by its opening angle. It is shown that the opening angle varies systematically along the aorta and that it changes significantly together with changes of blood pressure and hypertrophy. In the ascending aorta, the opening angle increased from 171° and to 214° in 4 days after banding, then decreased gradually to an asymptotic value of 126° in 40 days. At other sections, the swing of opening angle is smaller. The implications are discussed. (Circulation Research 1989;65:1340-1349 T o compute the stress and strain in an artery in physiological or pathological conditions, one must know the configuration of the vessel when the stress is zero. This configuration is very different from that of the artery when all the external loads are removed, and the difference changes in time if the aorta is constricted at some place so as to cause hypertension and hypertrophy. 1 -7 The strain between the zero-stress state and the no-load state is called the residual strain. It will be shown in this article that residual strain in an artery can be measured easily. The change of residual strain during the course of hypertension and hypertrophy caused by aortic constriction can be recorded systematically. Because the change of residual strain must be caused by the growth and change of cells and extracellular matrix, ease of measurement of the residual strains could prove to be a welcome tool to investigate the structural remodeling of the arterial wall in hypertension.
Change of Residual Strains in Arteries due to Hypertrophy Caused by Aortic Constriction
The stress and strain that remain in an organ when the external load is removed are called residual stress and strain. They can be revealed by cutting up the organ in such a way as to reveal the zero-stress configuration. The function of the organ depends on the residual strain. For a blood vessel, the zero-stress configuration is very different from that of the no-load condition, and it changes over time when the physical stress acting on the vessel is changed. Data on rat aorta are presented. Physical changes were obtained by constricting the aorta at the celiac trunk level with a band of metal. Banding causes an increase of blood pressure and hypertrophy of the vessel in the upper body and a transient decrease of blood pressure in the lower body. If the aorta is cut transversely into rings and each ring is cut radially, it will open up into a noncircular arc, which may be characterized by its opening angle. It is shown that the opening angle varies systematically along the aorta and that it changes significantly together with changes of blood pressure and hypertrophy. In the ascending aorta, the opening angle increased from 171° and to 214° in 4 days after banding, then decreased gradually to an asymptotic value of 126° in 40 days. At other sections, the swing of opening angle is smaller. The implications are discussed. (Circulation Research 1989; 65:1340 -1349 T o compute the stress and strain in an artery in physiological or pathological conditions, one must know the configuration of the vessel when the stress is zero. This configuration is very different from that of the artery when all the external loads are removed, and the difference changes in time if the aorta is constricted at some place so as to cause hypertension and hypertrophy. 1 -7 The strain between the zero-stress state and the no-load state is called the residual strain. It will be shown in this article that residual strain in an artery can be measured easily. The change of residual strain during the course of hypertension and hypertrophy caused by aortic constriction can be recorded systematically. Because the change of residual strain must be caused by the growth and change of cells and extracellular matrix, ease of measurement of the residual strains could prove to be a welcome tool to investigate the structural remodeling of the arterial wall in hypertension.
The existence of residual strain in arteries can be illustrated by the following example: Isolate a segment of an artery. Place it in a neutrally buoyant physiological saline solution in a no-load condition. Cut the artery along an axial plane. The arterial wall will spring open immediately, as if a tightened spring were released. The opened configuration will change somewhat in the next few minutes by viscoelastic relaxation. In about 15 minutes, it reaches an asymptotic steady-state "zero-stress" condition. It was found that if papaverine, a smooth muscle relaxant, were added to the saline, the degree of opening and its time course would remain unchanged (see photographs in Figure 2 .9:4 of Reference 1). Hence, the phenomenon just described is not due to smooth muscle contraction or relaxation. Similar observations have been made on left ventricle' (see figures on p. 60 of Reference 1).
In engineering, residual stress has been used to advantage in the making of such objects as gun barrels, prestressed concrete, and thermomechanical devices. Theories of residual stress are summarized in Love 9 in the context of infinitesimal strains. Theory of thermal stress in elastic bodies is summarized in Timoshenko and Goodier. 10 Geological initial stress problems involving infinitesimal strains but finite rotations are treated by Biot. 11 In biology, residual stress is believed to be ubiquitous because living bodies get their shape and structures by cellular growth, and cellular activity continues in life. Biological tissues are, in general, nonisotropic and subjected to finite strain. Hence, biological residual stress problems are generally more complex than analogous engineering problems. The investigation of residual stress in arteries 1 -7 seems to be the first attempt to clarify the role of residual stress in biology. Arterial residual stress reduces the stress concentration at the inner wall of the blood vessel at normal blood pressure. In this connection, Fung 1 -2 has measured the distribution of dense bodies in the smooth muscle cells of perfused, quick-frozen rabbit mesenteric arteries in planes cut perpendicular to the vessel axis. Fung showed that the distribution of dense bodies is most uniform when the blood pressure lies in the range of 60-100 mm Hg. Since dense bodies are the analogue of the Z lines of skeletal muscle, the spacing of dense bodies is an analogue of sarcomere length. Its uniformity suggests a uniform muscle tension, if one could assume that all smooth muscle cells in the artery have the same dense body distribution when they are in the zero-stress state. On the basis of this finding, Fung 1 -2 and Takamizawa and Hayashi 12 proposed that at the homeostatic condition, the circumferential stress distribution is uniform throughout the arterial wall. Later, Fung's student, Michi Namioka, showed that the opening angle of rabbit arteries does not have a unique value. Then, in a systematic study, Liu and Fung showed that the opening angle (defined in Figure 1 and below) varies along the aortic tree of the rat in a systematic way, from 160° at the ascending aorta to negative values in the diaphragm region, returning to 80-100° toward the end of the abdominal aorta.
To determine the zero-stress state, one has to make cuts until no further change of strain can be seen. In classical treatment of n-fold multiply connected bodies, the possible multivalued displacements can be made unique if one makes n-\ suitable cuts (see Reference 9, p. 223). A cell growing in an organ irrespective of its neighbors can be regarded as a mathematical singular point in a continuum. A tissue with n singularities can be regarded as an n-fold multiply connected continuum, requiring n-1 cuts to make it simply connected. In practice, however, growth is so organized that the actual number of cuts required to relieve residual stresses may be quite small. In the case of arteries, transverse cuts relieve longitudinal stress, then a radial cut releases circumferential stress, bending moment, and transverse shear at the cut section. In all other radial sections, the resultant moment, membrane tension, and transverse shear are zero, according to the equations of equilibrium. Hence, according to St. Venant's principle, the stresses tend to be zero as the distance from the cut section increases. Thus, in general, one radial cut would be sufficient to release residual stress if the vessel is not unusually thick. For a locally thickened vessel, such as one with an atherosclerotic plaque, more than one cut would be necessary.
Materials and Methods
Sprague-Dawley rats were used. The method of studying the zero-stress state of normal aorta has been described in Liu and Fung. 5 The method of creating acute increase of blood pressure is decribed below.
Hypertension was created in 57 Sprague-Dawley rats by banding the abdominal aorta with a metal clip 0.51 mm wide and 6.61 mm in length (Ethicon, Somerville, New Jersey) according to the method of Beznak. 14 A sterile surgery was performed on each rat, and a metal clip was put on the aorta just above the celiac trunk ( Figure 2 ). The restricted crosssectional area of the aorta was very small. We fixed several vessels in glutaraldehyde and made histological slides to see the shape of the restricted cross section in the region of the clamp. The portion of the vessel under the clamps was found to be very narrow. The effective area of the cross section in the clamped region can be found by a hydraulic experiment. A segment of the clamped aorta was perfused with 6% dextran in normal saline at a pressure difference, Ap. The volume flow rate, Q, was measured. We then used the Poiseuillean formula 1 • = TTV Ap 8^ L to compute a "hydraulic" radius a. Here L denotes the "length" of the narrowed lumen under the clamp and \i. is the coefficient of viscosity of the perfusate (0.031 poise). We found that L is about 840 /am, and a lies in the range of 100-110 jun. Compared with the radius of the aorta at the celiac trunk (670 M m )> 97.5% of the cross-sectional area of the abdominal aorta was occluded by banding.
Following surgery, the rats remained healthy. At a planned time after the surgery, blood pressure of the rats was measured in the carotid and iliac arteries with Validyne transducers (Northridge, California). The rat was then killed, and the whole aortic tree was carefully separated from the surrounding tissues and marked in situ at I (inside), O (outside), A (anterior), and P (posterior) positions with three colors of water-resistant ink. The aorta was excised and stored in cold normal saline (5° C). Thin slices of the aorta were then cut with scissors, with cross sections perpendicular to the longitudinal axis of the blood vessel and approximately 1 mm thick. After a slice was cut, it was transferred to a saline bath at room temperature, and one more cut was made that resulted in the opening of the section as shown in Figures 1 and 2 . The segments of aorta were cut successively at positions I, O, A, and P. Each slice was photographed before and after the cutting.
Rats with aorta banded were divided into groups of six each according to the length of time between the banding operation and the measurement. The locations of banding and segmental cutting are shown in Figure 2 ; location is expressed in terms of the distance of the section from the aortic valve divided by the total length of the aorta. Each row is related to one location, and each column is related to one period of time after operation. Figure 1 shows a sketch of an aorta and a thin ring cut from the aorta that is cut again radially. The ring opens up into a sector. Neither the ring nor the sector is exactly circular. For geometric description, two radii were drawn from the midpoint of the arc of the inner wall of the vessel to the outer tips of the sector. The subtended angle is defined as the opening angle and is denoted by 6. The angles between the tangents of the sector at the tips and the line joining the tips are designated a and a ! . The mean value (a+a')fZ is measured and is called the mean tangential angle. If the section is exactly circular, then 0=(a+a')/2.
Results

The Zero-Stress State of Normal Aorta of the Rat
The results are presented in Liu and Fung. 5 It is shown that for the normal rat aorta, the opening angle varies greatly along the aortic tree. Some shapes of the zero-stress configurations of normal rat aorta are reproduced in the first column of Figure 2 .
Two features have not been presented before. First, although the curvature of the aortic arch is well known, the natural tendency for the lower aorta below the diaphragm to curve back (as in the lower half of the letter J) when the aorta is isolated seems to have escaped notice. In normal conditions, this portion of the aorta is quite straight, but when isolated and put in a no-load condition it is curved as shown in Figure 3 . This curvature has little interest normally, but may have significance with regard to residual strains in this portion of the aorta.
The second feature is related to the explanation of the bewildering variety of shapes of the cut aortic rings shown in Figure 2 . Could the different shapes shown in IOAP cuts actually be composed of the same parts but assembled differently? Hence, we formulate the following hypothesis: One cut is sufficient to relieve all residual stress in an arterial ring. To test the hypothesis, we cut a ring into four parts (a, b, c, and d) and assembled the parts into four specimens in the order abed, beda, cdab, and dabc to determine whether these four specimens could reproduce the shapes found in the experiments. An example is shown in Figure 4 , which shows a thoracic aorta cut and assembled. The assembled shapes are shown in the second row. The natural shapes (the second row on the left of Figure  2 ) are shown in the upper row of Figure 4 . The resemblance is good; hence, the hypothesis is roughly true.
Using the same test on other sections, we found that the zero-stress configurations of the ascending aorta and aortic arch are extremely nonaxisymmetric. Why is the arch region so different from the rest DAYS AFTER SURGERY sections of the aorta when cut first transversely and then radially along the "inside" line indicated in Figure 1 . Listing is arranged according to days after surgery from left to right, and according to location on the aorta from top to bottom, expressed as distance from the heart in percentage of total length. Location of the metal clip is shown in sketch at left. Arcs of the blood vessel wall do not appear smooth because some tissue was attached to the walL In reading these photographs, one should mentally delete these tethered tissues.
Inside Cut 1 cm of the aorta? Our answer is that in this region, the blood vessel is a truly three-dimensional structure in which the stress distribution has no axial symmetry, even under the condition of uniform transmural pressure. This is seen in Figure 5 , which shows a vessel at no-load condition (a); the vessel under uniform transmural pressure (b); two areas of the vessel, one at the top of the arch, the other at the bottom (c); and the stresses due to the pressure load if residual stresses were ignored in these two areas (d). In the top area, the axial stress is in tension; in the bottom area, the axial stress is in compression. If cellular growth is modulated by stress, then clearly the cellular activity will be different in these two regions. Thus, the residual strains vary around the circumference. In contrast, in the thoracic aorta region, axial symmetry is apparent, and the residual strain distribution is fairly axisymmetric. Following this reasoning, we see the significance of the bending curvature of the lower abdominal aorta as shown in Figure 3 . The curvature resembles that of the aortic arch but to a lesser degree.
Variation of Zero-Stress Configuration, Opening Angle, Blood Pressure, With the Number of Days After the Banding Constriction Surgery
The result of aortic banding constriction is a gradual rise in blood pressure, thickening of blood o o U 0 vessel wall, and change of zero-stress configuration. The zero-stress configurations are shown in Figure 2 . The blood pressures in the carotid and iliac arteries are shown in Figure 6 . Above the band, there was a steady rise of blood pressure, then a gradual leveling to an asymptotic value. The time required to reach 50% of the asymptotic blood pressure rise was about 7 days. Below the band, the blood pressure decreased first, then rose gradually to a value not much different from that of the normal blood pressure.
The opening angle of the zero-stress section (Figure 1) was measured from photographs such as those shown in Figure 2 . Figure 7 shows the change of opening angles of the vessel sections of the upper body above the constriction with the number of days after the banding surgery at each location. The opening angle increased at first, peaked in about 4 days, then gradually decreased to an asymptotic value. Variation with the location of the segments is great. The maximum change in the opening angle occurred in the ascending aorta. Figure 8 shows the change of the opening angles of lower sections of the aorta. The trend is similar, but there are significant variations. Note especially the data at 60% just above the clamp and at 80% and 96% L.
Variation With the Location Along the Aortic Tree
The opening angle varies with the location on the aortic tree. Figures 9 and 10 show the opening angle as a function of location at specific number of days after surgery. In the 4-day group, the opening angle reached about 220° in the region of ascending aorta, decreased to about 10° in the diaphragm region, and increased again gradually in the abdominal aorta, to about 100° at the bifurcation point of the iliac arteries. At other days, the opening angles follow a similar pattern but at different magnitudes. Figure 11 shows the effect of 2 mg/ml papaverine hydrochloride, a smooth muscle relaxant, on the opening angle. Compared with the data from specimens soaked in normal saline, the addition of papaverine has little effect. The opening angle is,
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Inside Posterior Outside Anterior therefore, a result of release of stress in the connective tissue rather than one of smooth muscle contraction. Figure 12 shows how the opening angles measured from inside cuts are correlated with those measured from outside. Figure 13 shows that the sum of tangent angles (see Figure 1 ) correlates very well with the opening angle obtained by an inside cut.
Correlation Between Various Parameters
Mathematical Representation of Experimental Results
The results shown in the graphs above can be represented by the following equations in which A, FIGURE 6 . TTte course of change of blood pressure (plpot after clamping the aorta just below the celiac trunk with a metal band. Six animals in each group; data for all animals are plotted. Solid lines, regression curves given by Equation 1 , with constants given in Table 2 . B, C, D, E, and T are constants. Other symbols are defined in Table 1 .
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A. Blood pressure variation following banding operation, Figure 6 :
-=A+B(l-e" in carotid and iliac arteries where p o is the mean value of the systolic blood pressure of the normal rats at day 0, and N is the number of days after surgery. The constants p o , A, B, and C computed by curve fitting are listed in Table 2 . The standard error of the estimate of the mean from the regression curve, s, is computed by the formula where p is the value of p computed from the formula above, and p is the mean experimental value at each N. The summation is taken over the sample of size n. In Figure 6 and Table 2 , n is equal to 9 for the nine groups of rats examined on days 0, 2, 4, ... 40.
The standard error of the regression line from the raw data, s', is also listed in Table 2 , and is based on the same formula as for s 2 except that the summa- tion is now taken over every individual observation. This summation covers all rats at all postsurgical days tested. In Figure 6 and Table 2 , rc=49 for s'.
B. Opening angle change following banding (Figures 7 and 8) :
7V-T -l] for T<;7V:S40
The constants T, A, B, C, D, and E are listed in Table 3 . The error estimates s and s' have the same meaning as explained in relation to Table 2 . Here X is the location of a point on the aorta expressed as a fraction of the distance of that point to the aortic valve divided by aortic length L. The constants A, B, C, D, E are given in Table 4 . In Table 4 , s and s' are error estimates explained in Table 1 . The constants A and B are given in Table 5 .
E. Correlation of mean tangential angles and the opening angle of inside cut (Figure 13 ): -The constants A and B are given in Table 5 .
Conclusions
The following can be concluded: 1) The zerostress configuration of an artery is very different from the configuration of the vessel in physiological condition and that at no-load condition. 2) The zero-stress configuration of an artery varies a great deal with the location on the arterial tree. 3) In response to change in blood pressure or other stimulation, the zero-stress configuration changes rapidly (in a few days in the rat) and significantly. 4) For the thoracic and abdominal aorta, a single cut of a short segment yields a unique zero-stress configuration, which, however, is in general not a circular arc. The noncircular geometry is the reason there are differences between the opening angles obtained by I, O, A, and P cuts and the sum of tangent angles at the tips. 
Discussion
The difference between the zero-stress configuration of an organ and the no-load configuration of that organ leads to residual stress, which has important physiological effects because 1) the residual stress is intimately related to the homeostatic stress distribution in normal organ function; 2) it has a p, blood pressure. Blood pressure of each rat was normalized with respect to its blood pressure before surgery, p,,. Data for time 0-15 minutes were obtained from five rats, for which p,, was 118±9 min Hg for the carotid and Ill:tl2 mm Hg for the iliac. Data from 2 to 40 days were obtained from six rats for each group whose p o was 129±9 mm Hg for the carotid and 129±15 mm Hg for the iliac.
controlling influence on the force of contraction of muscles in organs such as the heart and blood vessels and thus affects the heart as a pump, the blood vessel as a resistor, and the blood pressure; 3) it has a deciding influence on the elasticity (stiffness or its inverse, compliance) of the tissue, because the stiffness of soft tissues increases with the stress; and 4) it affects those phenomena that are influenced by the compliance of the tissue, such as a vascular waterfall and venous return.
Pathology affects residual stress and vice versa. For example, infarcted area of the heart has altered residual stress; changed smooth muscle tone of a blood vessel changes residual stress. 
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Location X, position of a point of the aortic tree as percentage of the distance of that point from aortic valve divided by total length of aorta. N, number of days after surgery. Investigation of residual stress has to begin with the study of zero-stress configuration. This paper shows the remarkable ease with which the zerostress state can be studied, because the difference between the zero-stress state and the no-load state is often surprisingly large. Hence, the study of zero-stress configuration can be a new, useful tool for pathophysiological investigation in circulation research.
The changes in zero-stress configurations of arterial wall must come about by cellular activities and mass transport that have caused changes in the shape and size of the cellular and extracellular space. The close coupling between the changes of blood pressure, hypertrophy, and the zero-stress configuration suggests that physical stress does affect tissue growth and change. This concept has a long history in bone and cartilage research and is being investigated vigorously. 15 -23 It is vigorously investigated in soft tissue too. 24 -27 But perhaps this paper is the first documentation of the phenomenon from the point of view of zero-stress configuration changes. Examples of mathematical analysis of residual stress taking opening angle into account are given in References 3, 4, 6, and 12. These examples are not entirely satisfactory because they used constitutive equations (stress-strain relation) known today that were derived from analysis that ignored residual stress and assumed homogeneity and orthotropy of the blood vessel wall material. For a better analysis in the future, it is necessary to revise the constitutive equations on the basis of the layered structure of the blood vessel, including endothelium, elastic laminar, smooth muscles, and other connective tissues. The nonlinear constitutive equations of the different layers can be derived from experimental results obtained by forced deformation of the blood vessel in vivo with rectangular-mouthed micropipettes positioned with micromanipulators. The stress analysis can be made by the finite element method.
It should be pointed out that the method of constricting rat aorta to produce hypertension may result in patterns of residual stresses that are different from those produced by essential hypertension in humans or Goldblatt's hypertension (renal artery constriction) in dog. Because residual stresses change with the remodeling of the tissues by cellular activitiesJhat modify the size, shape, and number of cells and extracellular matrix, any physical, chemical, and biological stimuli that affect the remodeling process will affect the residual stress. The zero-stress configuration displays the remodeled cellular and extracellular matrix structures in the simplest way. Study of the zero-stress configuration is, therefore, an effective way to study the effects of various factors on the blood vessel, including physical factors such as temperature, fever, pressure, and stretching or compression; chemical factors such as drugs, growth factors, C5a, and cytochalasins; and biological factors such as activation of leukocytes, bacterial or viral infections, and immune diseases.
